Simian virus 40 (SV40)-based shuttle vectors, containing the SV40 late genes, can be packaged as infectious pseudovirions. In terms of their function as bacterial plasmids, modifications in the overall size of these plasmids can be tolerated within a very wide range, which has allowed us to determine the requirements for SV40 encapsidation, free of the more stringent limitations of SV40 virus. Monkey COS7 cells were transfected with over-and undersized SV40-based shuttle virus plasmids and their progeny have been analysed to follow the stability and evolution of these genomes. Two of the three plasmids analysed undergo recombination, generating molecules with sizes of between 4-0 and to 4.8 kb which were selected after multiple lytic cycles. This size range may correspond to the DNA lengths preferentially packaged in SV40 capsids. The structure of the rearranged plasmids indicates that there is a strong selective pressure for genomes that retain the functions necessary for replication and virus production. Depending on the parent DNA, two main classes of rearrangements were generated: duplications in tandem with the SV40 origin of replication and deletions. Both classes are probably a result of selective size and replicative advantages, which are then biologically amplified during plasmid transmission as virus particles.
Introduction
Simian virus 40 (SV40) recombinant derivatives have been used for many different purposes. This well known papovavirus provides an efficient method for the delivery of foreign DNA into the nucleus of eukaryotic cells and several SV40-based vectors have been developed for gene transduction, using its infectious lytic cycle (Elder et al., 1981 ; Subramani & Southern, 1983) . Moreover, homologous and non-homologous recombination, DNA replication and gene expression studies with modified SV40 genomes frequently take advantage of virion production (Chang & Wilson, 1986; Elder et al. 1981 ; Oppenheim et al., 1986; Stringer 1985; Subramani & Southern, 1983) . Limitations to the size of DNA that will fit in the virion capsids may play an important role in vector stability and influence experimental results. Packaging constraints restrict the length of circular DNA that may be accommodated within the capsid to between 709/0 and just over 100% of the length of the wild-type SV40 genome (Ganem et al., 1976) . Oversized t Present address: Instituto de Biociencias, Department of Biology, University of Sao Paulo, CPI1461, Sao Paulo 05499, Brazil.
genomes of SV40 can be transfected into monkey cells, but the rescued viruses are normally found to be deleted. These deletions involve homologous and non-homologous recombination pathways and they seem to be driven directly by the packaging of DNA into viral capsids (Chang & Wilson, 1986; Stringer, 1985) . Similarly, defective undersized genomes of SV40 can also be propagated as virus by complementation with helper wild-type or temperature-sensitive mutants of SV40. These smaller genomes may undergo sequence rearrangements, especially around the SV40 origin of replication (SV40 ori), to increase the genome size (Subramani & Southern, 1983 ).
We have recently described the construction of SV40-based shuttle vectors that can be propagated as infectious particles (Menck et al., 1987) . These vectors .replicate efficiently in monkey COS cells (Gluzman, 1981) and are packaged as pseudovirions, without requiring a helper virus. As they carry plasmid sequences, they can be recovered in low Mr DNA preparations from infected cells and shuttled to Escherichia coli. Thus, rearrangements in the progeny virus can be investigated in detail by examining plasmid DNA from individual bacterial colonies. In the present report, 0000-9000 © 1990 SGM we have followed the fate of over-and undersized vectors after passage through several lyric cycles in COS7 cells. We rescued DNA molecules with mean sizes of between 4.0 and 4-8 kb, which is significantly smaller than the wild-type SV40 genome (5.2kb). This range may correspond to the DNA lengths preferentially packaged in the SV40 capsid and we predict that vectors within these limits will be more stable. The time course for the appearance of the modified genomes, which include duplications of the SV40 ori and DNA deletions, indicates that rearrangements are observed only after the plasmids have been assembled and transmitted as virus particles. Our results suggest that, besides the expected passive selection for genomes with replicative advantages and sizes within the limits of the viral capsid, the packaging of DNA itself may be involved in the processing of the DNA molecules, permitting their encapsidation.
Methods
Cells and virus production. The COS7 line of African green monkey kidney cells (Gluzman, 1981) was grown in Dulbecco's modified Eagle's medium supplemented with 7% foetal calf serum and antibiotics. Procedures for DNA transfection and viral infection of these cells have been described previously (Menck et al., 1987) . Viral stocks were obtained from cultures maintained for 2 weeks after the vector was introduced by one or the other procedure. Each of these periods corresponds to one vector passage through the cells, plus several lytic cycles to allow viral amplification.
Viral DNA preparation. Extrachromosomal DNA from transfected or infected monkey COS7 cells was purified using the procedure of Birnboim & Doly (1979) , adapted for mammalian cells. DNA solutions were analysed directly by agarose gel electrophoresis and Southern blotting with 32p-labeUed nAplac probe (Maniatis et al., 1982) . This DNA was further analysed after shuttling to E. coli.
Plasmid vectors and bacter&l strain. The nSV40 plasmids were grown in the E. coli strain W3110 r m+/p3. These plasmids carrying the supF gene provide the host with resistance to ampicillin (Ap) and tetracycline (Tc), due to the suppression of amber mutations in both genes coding for antibiotic resistance borne by the p3 plasmid. Bacterial transformations were performed using frozen competent cells by the method of Hanahan (1983) . For detection of lacO mutants the transformed bacteria were plated in minimal medium (Maniatis et aL, 1982) , containing antibiotics (Ap 12.5~g/ml and Tc 10~tg/ml) 0.2 mg/ml of 5-bromo-4-chloro-3-indolyl-/~-D-galactoside (X-gal). Light blue and white colonies were considered as potential mutants and were replated three times to confirm the altered phenotype. White colonies without the ~SV40 plasmid were occasionally observed, due to the appearance of chromosomal suppressors (Lutz et al., 1986; Seed, 1983) . They were discarded after checking for the absence of plasmids by colony blotting (Maniatis et al., 1982) .
Plasmid DNA analysis and restriction endonuclease digestion. Plasmid DNA was extracted from 1.5 ml of bacterial cultures by the alkaline procedure of Birnboim & Doly (1979) . The DNAs were restrictiondigested and the resulting fragments analysed by electrophoresis on 4 to 8~ polyacrylamide or 0-8 to 1.0% agarose gels. All digestions were carried out as recommended by the suppliers of the restriction enzymes.
Results

Vector description
The construction of the first series of shuttle viruses, which we called nSV40, has been described in detail (Menck et al., 1987) . In Fig. 1 , we present the vectors used in this work. They contain the SV40 ori and functional SV40 late genes that allow production of the capsid proteins, and the minimal DNA sequences for replication (plasmid origin) and selection (tRNA suppressor gene, supF) in E. coli, from the miniplasmid nAplac (Seed, 1983) . The lacO is the lactose operator sequence and can be used to examine plasmid stability (see below). The complete, but disrupted, SV40 large T antigen gene is present in the vector ~rSV4OBclI, which is 858 bp larger than the wild-type SV40 genome. Deletion of an NdeI-BgllI fragment containing part of this gene resulted in the plasmid nSV40AE2. By a series of standard manipulations the whole early region of SV40 [from the HindlII site at nucleotide (nt) 5171 of SV40] was deleted for construction of 7tSV40AE4.
Plasmid replication, packaging and transmission as virus
Supercoiled rtSV40 vectors can be transfected into mammalian cells without requiring any in vitro gene manipulation. This assures that modifications due to DNA transfection will be kept minimal, as linear or nicked circle DNA is known to be much more unstable during introduction into the cells (Dorsett et al., 1985; Wake et al., 1984) . The plasmids were transfected in monkey COS7 cells, which provide in trans the large T antigen (Gluzman, 1981) necessary for replication of vectors carrying the SV40 ori. These transfected cells produce pseudovirions that can be used to infect fresh cell cultures (Menck et al., 1987) . Cells were harvested at different periods of time after transfection or infection and extrachromosomal DNA was analysed by agarose gel electrophoresis and then Southern blotting. The results are shown in Fig. 2 . The clear amplification of plasmid DNA is due to the efficient replication of the vectors in COS7 cells. In addition, virus production causes the vector to spread to neighbouring cells by infection, allowing further amplification.
The three vectors were designed to have sizes significantly different from the SV40 genome (5-2 kb). nSV4OBclI is oversized by 858 bp, which corresponds to the insertion of the miniplasmid nAplac in the BclI restriction site, located at the 3' end of the large T antigen gene. We did not detect any alteration in the vector replicated 56 h following transfection of COS7 cells (Fig.  2a) . However, at later times a clear shift in the electrophoretic migration of this vector was observed and 86 h after transfection we observed the appearance of very heterogeneous populations of extrachromosomal DNA, with sizes ranging from approximately 3.7 kb to the size of the SV40 genome. As the SV40 lytic cycle lasts for 2 to 3 days, these deleted plasmids are probably the result of vector encapsidation as virus particles. In fresh cultures infected with the progeny virus no full-length parental plasmid is detected, although the amount of DNA produced and thus the viral production is comparable to the other shuttle viruses (Fig. 2b and data not shown). We note that in this vector the complete deletion of bacterial DNA sequences may reconstitute wild-type SV40 genome. This has been reported before (Menck et al., 1987) , but SV40 molecules will not be detected with the probe nAplac used in the blot shown in Fig. 2 . We also noticed that wild-type SV40 has selective advantages, when compared to rcSV40 vectors, and probing with SV40 could mask our results, especially at later times of plasmid replication in COS7 ceils (e.g. passage 3 through COS7 cells; not shown).
The vector rcSV40AE2, although much smaller (1-2 kb) than SV40, replicates with no detectable alterations (within the 300 bp limit of detectability of the Southern blot; Fig. 2 ) and only 3% of plasmids contained insertions after being passaged three times (more than 35 days) in COS7 cells (Table 2 ). This confirms previous findings (Menck et al., 1987) and suggests its DNA sequences and size are within SV40 capsid constraints. We have further deleted this vector in order to obtain additional information on the lower limits of the virion capsid. The nSV40AE4 is more than 1.5 kb smaller than SV40 and corresponds to the smallest vector we can obtain without interfering with its abilities to replicate and produce virus particles in monkey COS7 cells, or to be rescued in bacteria. Fig. 2 shows that non-rearranged vector can be encapsidated and propagated as virus. After two passages in COS7 cells as virus, and thus after multiple lytic cycles, DNA of different lengths significantly larger than parental DNA are detected (Fig. 2b,  passage 3 ). This indicates that altered molecules, containing DNA insertions, are being produced and encapsidated.
Vector stability
The presence of bacterial plasmid sequences in IzSV40 vectors allows an efficient shuttling of replicated molecules from COS7 cells to E. coli. Bacterial colonies can be obtained for the analysis of the progeny virus and we determined plasmid stability by taking advantage of the lac operator sequences present in these vectors. In lacZ-proficient E. coli hosts carrying multiple copies of plasmids with functional lacO, the lac operon is derepressed, due to the titration of the lac repressor by the plasmids. Thus, the bacteria are able to metabolize the synthetic chromogenic substrate X-gal, rendering the colony blue in the appropriate medium. Plasmids with modifications such as deletions and point mutations in the lacO sequence, which decrease the lac repressor affinity to this sequence, yield white or light blue colonies. Therefore, plasmids rescued from extrachromosomal DNA of infected COS7 cells can be checked for the presence of a functional or altered lacO sequence by a single plate colour assay. We present in Table 1 the results of plasmid stability, measured by this parameter, obtained for the three different vectors rescued in E. coli after several lytic cycles in COS7 cells. Although nSV40AE2 shows a very low level of alterations in lacO, this sequence is highly rearranged in the two other vectors, with more than 3% of rescued plasmids carrying a mutated target sequence. As these three plasmids have many similarities in their DNA sequences we believe these drastic differences in stability reflect their different genome sizes and ability to be packaged as virions.
Size distribution of rescued vectors
To analyse the progeny viruses further, plasmids were rescued in E. coli and DNA from individual clones was examined in agarose and polyacrylamide gels. Mapping with restriction enzymes (HindlII and HinclI) allows detection and location of rearrangements, but also accurately measures the plasmid size (precision in size measurements is within 50 bp in our experiments). Table  2 summarizes our results. As expected, few rearranged molecules were found in DNA rescued from cells infected with rcSV40AE2 virus, but this was not the case for the other two vectors, which suffered severe alterations.
A size distribution for different plasmids rescued from nSV4OBclI-or ltSV40AE4-infected cells is presented in Fig. 3 and rcSV4OBclI rescued plasmids always have sizes smaller than parental DNA. Some of the progeny of the * Genomes are presented in Fig. 1 . t Plasmids were recovered in bacteria using low Mr DNA prepared from passage 2 infected cells.
The frequency of mutation is defined as the ratio of white or light blue colonies to the total. cells. Extrachromosomal DNA from infected COS7 cells was prepared 7 days after infection at passage 2 and passage 3 virus and used to transfect bacteria. Only plasmids that differed in size to the parental, infecting virus vector were considered for these graphs; the percentages of the rearranged molecules relative to the total rescued plasmids are given in Table 2 . Data have been pooled for passages 2 and 3 and are derived from 136 plasmids (top) and 86 plasmids (bottom). nSV40AE4 virus have no detectable alterations, but a significant fraction of the rescued molecules have an increased size when compared to the original vector. This confirms results found in the Southern blot (Fig. 2) and the instability of this plasmid found using the tacO mutagenesis system (Table 1 ). In the cases of the two less stable vectors, the rearranged plasmids mostly have sizes smaller than the wild-type SV40 genome, ranging from 3-8 to 5.2 kb for the nSV4OBclI progeny and from 3.9 to 4.8 kb for ~tSV40AE4 progeny. We did not observe any significant difference in the average size of plasmids rescued from viral passage 2 or 3 in COS7 cells (Table 2) . Considering only the undersized vector rtSV40AE4, we found that more rearranged plasmids are rescued when the vector is kept replicating in cell cultures for longer periods (Table 2 ). This indicates that the altered genomes have selective advantages over the parent DNA, so the size distributions shown in Fig. 3 may reflect the packageable DNA lengths that are preferentially selected by SV40 capsids.
Structure of rescued plasmids
The rescued plasmids were mapped systematically by HindlII digestion. The cleavage pattern of this restriction enzyme gives information on the possible regions of the original vectors that suffered alterations. Whenever necessary, DNA was further analysed with other restriction enzymes, such as HinclI, Sau3AI and BglI. Table 3 summarizes our results and Fig. 4 shows some examples of HindlII-digested plasmids generated in COS7 cells infected with rcSV4OBclI (Fig. 4a) or nSV40AE4 (Fig. 4b) viruses.
In the rcSV4OBclI progeny, the HindlII fragments containing DNA from the early SV40 region are generally missing (Fig. 4a) , so deletions induced in these plasmids are mainly located within the non-functional large T antigen gene. Only 5~ of the rearranged plasmids contain alterations in the SV40 late region and these probably inactivate the correct expression of the genes coding for capsid proteins (Table 3) . These rare late-defective shuttle viruses may be propagated by coinfection with other molecules that provide a helper function. The early-defective plasmids are autonomous for replication and virus production in COS7 cells and the high frequency of this class of plasmids, generated HindllI.
from nSV4OBclI virus, is probably due to the selection of molecules that do not need any helper function, as the Tantigen is supplied by the COS7 cells. The restriction maps of plasmids rescued from ~SV40AE4-infected cells are more difficult to interpret, as an increase in size may arise from intra-or intermolecular recombination between virus genomes, or between viral and cellular DNA. Clearly, most of the rearranged plasmids (52 out of 86 analysed; Table 3 ) have the four largest HindlII fragments intact, but a new extra fragment is also detected (Fig. 4 b) . Thus, this major class of variants probably has alterations at the 17 bp HindlII fragment located between the SV40 ori and lacO (see Fig. 1 ). We have further digested 31 of these plasmids with BglI, which has a unique site within the SV40 ori, and they all contain an extra BglI site. One of the two resulting fragments has the same size as the linear parental nSV40AE4 and the other has a size similar to the extra HindlII fragment (not shown). These patterns are consistent with a duplication of DNA sequences corresponding to the SV40 ori in a tandem configuration. This was confirmed by hybridization of the HindlII fragments of a number of these plasmids with an SV40 or#specific 32p-labelled probe (not shown). In agreement with the results found for the rcSV4OBclI progeny, only three of the plasmids generated from rcSV40AE4 had modifications in the late region of SV40. Fig. 2 and classified according to size in Fig. 3 . Extrachromosomal DNA preparations were used to transfect bacteria and selected individual colonies were used for plasmid DNA purification and restriction digestion with HindIII. Digested DNAs were analysed on 8~ polyacrylamide gels. The two lanes on the right contain marker DNAs whose size (bp) is indicated in (a). Stars and arrows indicate fragments that contain exclusively late and early SV40 regions, respectively.
The other plasmids, with modifications in one of the two largest HindlII fragments, were more difficult to map. However, at least nine of them (out of 31) had extra BglI sites, which could result from SV40 ori duplication in either tandem or inverted configuration.
Discussion
Recombinant SV40 genomes are known to be limited in DNA length, due to the SV40 capsid. The packaging limits have not yet been determined and are not necessarily the same for different DNA sequences. By transfecting SV40 DNA fragments containing SV40 ori into monkey cells, in the presence of helper viruses, Ganem et al. (1976) observed encapsidation of reiterated molecules, with sizes between 70% and 100% of the wildtype SV40 DNA. Extra DNA can be inserted in the noncoding region of SV40, with no effects on the lyric growth. These oversized genomes are usually deleted by illegitimate recombination (Chang & Wilson, 1986; Stringer, 1985) , generating viruses within the upper packaging limit, which has been estimated at 250 to 300 extra bp (Chang & Wilson, 1986; Tai et al., 1972) . In our study we have used infectious shuttle vectors to examine the DNA molecules preferentially selected by the SV40 capsid. These hybrid vectors replicate and propagate autonomously as pseudovirions in monkey COS7 cells; thus, they are directly affected by the limitations imposed by the capsid. The data presented indicate that oversized shuttle virus 7rSV4OBclI generates deleted molecules with smaller genomes. One of the undersized vectors (rcSV40AE4) can be propagated with no alterations, but it evolves to larger molecules.
The size and structure of the altered genomes was determined more precisely after being shuttled back to E. coli. Although these experiments select only part of the progeny, namely those that retained bacterial plasmid functions (ori and supF), the data allow estimation of the types of rearrangements that took place in the monkey cells. In the case of our vectors most of the alterations did not involve the SV40 late region essential for the viral lytic cycle, which suggests that there is selection acting to eliminate plasmids carrying such alterations.
Most, if not all, of the larger DNA molecules derived from ~rSV40AE4 seem to have duplications at the SV40 ori region. The same kind of rearrangement has been reported before. Serial infection of monkey cells with SV40 at a high m.o.i, generates a heterogeneous collection of variant genomes, which are usually smaller than the parent virus DNA. These naturally occurring recombinant viruses contain deletions, duplications, rearrangements of the viral genome and substitution with cellular DNA (Brockman, 1977) . Frequently, the SV40 sequences derived from the ori region appear in multiple copies. This feature was interpreted as arising as a consequence of a strong selective advantage due to an enhancement of replication (Lee & Nathans, 1979; Lee-Chen & Woodworth-Gutai, 1986; Shenk, 1978) . This replicative advantage conferred by the reiteration of the SV40 ori may explain the increasing number of rearranged plasmids at later passages of ~SV40AE4 virus in COS7 cells. Another characteristic of the rearranged ~SV40AE4 progeny is that the duplicated ori sequences are mostly in tandem direct repeat configuration, although the reason for this is unknown at the moment. Lee-Chen & Woodworth-Gutai (1986) found that SV40 variants with multiple ori in inverted repeat configuration replicate more efficiently than those with the direct repeat orientation. Thus, a selective advantage for tandem over inverted ori duplications at the level of replication is unlikely. Ganem et al. (1976) suggested that their tandem reiterated molecules could have arisen from a rolling circle type of replication and several recent reports have noted that this unusual pathway may occur, albeit at low frequency, during SV40 replication Dorsett et al., 1985) . Furthermore, one of these groups suggests that the entry of SV40 into the rolling circle type of replication may generate highly recombination-prone intermediates Dorsett et al., 1985) . In the case of the ~rSV40 system this rare mode of replication may generate tandemly repeated intermediates, which are then subject to size selection during viral assembly, resulting in molecules partially duplicated. Although speculative at present, this mechanism involving a rolling circle replication of these SV40 recombinants may account for the prevalence of tandem ori repeats in the viral selected nSV40AE4 progeny.
The size distributions of the altered progeny indicate strongly that the SV40 capsid also exerts a selective pressure on DNA molecules of lengths 4.0 to 4.8 kb. This pressure is much more evident in the oversized nSV4OBclI virus progeny. Deletion in the parent DNA could have arisen due to DNA transfection into the cells and a high frequency of DNA rearrangements is observed in DNA transfected into mammalian cells (Calos et al., 1983; Razzaque et al., 1983; Wake et al., 1984) . However, deleted molecules are not detected in our experiments before the first viral lytic cycle, that is 2 to 3 days after transfection (Fig. 2) and if a passive selection of smaller genomes during encapsidation occurs, then only a few of the molecules derived from nSV4OBclI vector would produce infectious particles. This does not seem to be the case, as the amount of replicating DNA after virus formation (Fig. 2) and the viral yield of nSV4OBclI (not shown) do not differ from the other vectors. Therefore, these data suggest that DNA may be actively processed during encapsidation, to generate molecules within the packageable limits of virus capsid. Working with oversized SV40 genomes, Chang & Wilson (1986) described a similar phenomenon and also concluded that the packaging process itself may be directly involved in the generation and amplification of deleted genomes. However, it is difficult to exclude the possibility that some of these deleted molecules are produced by an early reinfection cycle that may be somewhat shorter in COS7 cells, due to the constitutive expression of T antigen.
Independently of the mechanisms implicated in the formation of the rearranged molecules, our results show that a wide range of DNA lengths can be packaged in the SV40 capsid. Curiously, molecules smaller than the SV40 genome itself seem to be preferentially encapsidated and plasmids of sizes within the limits of 4.0 to 4.8 kb tend to undergo fewer rearrangements. The stability of wild-type SV40 in nature may rely only on the need for the early genes for its replication and the late genes for its packaging, although the DNA sequence of this genome may also play a role in the correct packaging of the virus. Recombinant SV40 genomes may be directly affected by the constraints of the virus capsid. These limitations in plasmid stability due to virus packaging are providing important clues in the development of a stable shuttle virus system as a tool in a variety of recombinant DNA experiments (Menck et al., 1987 (Menck et al., , 1988 . Previously, many of these experiments have been restricted by the necessity of using whole virus or helper virus.
